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Single-amino-acid tandem repeats are very common in mammalian proteins but their function and evolution are still poorly understood. Here
we investigate how the variability and prevalence of amino acid repeats are related to the evolutionary constraints operating on the proteins. We
find a significant positive correlation between repeat size difference and protein nonsynonymous substitution rate in human and mouse
orthologous genes. This association is observed for all the common amino acid repeat types and indicates that rapid diversification of repeat
structures, involving both trinucleotide slippage and nucleotide substitutions, preferentially occurs in proteins subject to low selective constraints.
However, strikingly, we also observe a significant negative correlation between the number of repeats in a protein and the gene nonsynonymous
substitution rate, particularly for glutamine, glycine, and alanine repeats. This implies that proteins subject to strong selective constraints tend to
contain an unexpectedly high number of repeats, which tend to be well conserved between the two species. This is consistent with a role for
selection in the maintenance of a significant number of repeats. Analysis of the codon structure of the sequences encoding the repeats shows that
codon purity is associated with high repeat size interspecific variability. Interestingly, polyalanine and polyglutamine repeats associated with
disease show very distinctive features regarding the degree of repeat conservation and the protein sequence selective constraints.
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repeats, also known as homopeptides, are a very common
feature of eukaryotic proteins [1–3]. For example, in the human
genome as many as 18–20% of the encoded proteins contain
this type of low-complexity sequence [4,5]. The most common
repeats in mammals are formed by uncharged polar amino acids
(such as Gln, Ser, Pro, and Leu), acidic amino acids (Glu), or
small amino acids (such as Gly, Ala). These structures can suffer
repeat expansions or contractions as a consequence of
trinucleotide slippage [6]. The consequences of this process
are reflected in an excess of pure codon repeat tracts in repeat-
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doi:10.1016/j.ygeno.2006.11.011instability leading to abnormally long amino acid repeat tracts
is the cause of several disorders. One group is formed by
developmental diseases, mostly involving expanded polyala-
nine tracts, for example, syndactyly type II and oculopharyngeal
muscular dystrophy [9]. The second group is formed by
neurodegenerative disorders that result from expansion of
polyglutamine tracts, for example, Huntington disease and
several ataxias [10]. The expanded tracts can have several
effects, such as dysregulation of transcriptional activity and the
formation of pathogenic protein aggregates [9,10].
Amino acid repeats are abundant in protein sequences but
only a few of them are known to play a functional role. This
suggests that many of them could be neutral structures that are
formed by slippage and simply tolerated in proteins as long as
they do not disrupt function [11]. However, the extent to which
this is the case is yet undetermined and recent findings point to
the possibility that repeats may play important functional or
Table 1
Characteristics of the most common amino acid repeat types in human and
mouse (N>150)
AA N Avg
size
Avg/
median
CH
Avg
longest
codon run
CH=1 Codons CH=1
E 1373 6.78 0.55/0.50 3.54 179 (13%) GAG (154), GAA (25)
P 1357 6.42 0.40/0.40 2.48 37 (3%) CCG (22), CCT (12),
CCA (3)
A 1107 6.97 0.47/0.40 3.12 78 (7%) GCG (30), GCC (28),
GCA (12), GCT (8)
S 929 6.66 0.45/0.40 2.82 79 (9%) AGC (62), TCC (14),
TCG (2), TCA (1)
G 859 6.44 0.50/0.40 3.13 72 (8%) GGC (59), GGA (8),
GGT (5)
L 802 5.80 0.53/0.43 3.08 89 (11%) CTG (85), CTC (4)
Q 513 8.88 0.67/0.60 5.31 154 (30%) CAG (154)
N, number of occurrences; Avg size, average length of amino acid tandem
repeat; CH, codon homogeneity; Avg longest codon run, average length of the
longest pure codon run.
317L. Mularoni et al. / Genomics 89 (2007) 316–325structural roles. In the first place, there is a clear bias in the types
of proteins that contain repeats, with a strong overrepresentation
of transcription factors and developmental proteins [4,5,12–15].
Second, there are increasing experimental data that show that
some repeat structures, such as glutamine and alanine homo-
peptides, can modulate protein–protein interactions [16,17],
exert an effect on gene transcriptional activity [18–22], or
confer an appropriate spacing between different protein
domains [23]. In addition, repeats can suffer important size
changes in a short time span due to the high mutation rates
associated with slippage, and it has been suggested that this can
confer an adaptive evolutionary advantage [24–26]. Other
studies have pointed out that repeat size changes in develop-
mental proteins could be related to the evolution of morpho-
logical traits [20,27].
The level of conservation of repeats in orthologous proteins
and the characteristics of the sequences encoding them can shed
light onto their mode of evolution. Microsatellites have been
proposed to evolve following a model in which slippage of short
DNA motifs would promote growth of the repetitive structures
and point mutation would result in the fractionating of large
microsatellites into smaller ones [28,29]. In coding sequences,
trinucleotide slippage will result in the creation and expansion
of tandem amino acid repeats, while point mutation will cause
interruptions in the repetitive tract, limiting the possibility of
expansion. In this scenario, sequences encoding recently
formed repeats, which are not conserved across species, should
be enriched in highly homogeneous codon runs, whereas old
repeat structures would be expected to contain a comparatively
larger number of interrupting codons. A previous study limited
to glutamine repeats in a subset of human and mouse proteins
showed that indeed the level of codon interruptions was a good
predictor of repeat conservation between the two species [30].
A key question for the understanding of repeat evolution is
the identification of any factors that contribute to the formation
of new repeats in protein sequences. Several authors have
reported a positive correlation between high GC content at the
third codon position and amino acid repeat content, indicating
that an underlying high GC gene content may predispose to the
accumulation of repeats [13,31,32]. The propensity for the
formation of new repeats and for changes in the size of existing
repeats may also depend on the protein selective constraints.
The evidence comes from a study on glutamine repeat-
containing sequences in human and mouse proteins, in which
repeats that were not conserved between the two species were
preferentially found in regions that showed a significantly high
nonsynonymous substitution rate, presumably due to low
purifying selection [33]. Glutamine repeats, however, are
exceptional, in that they can expand to form very long tracts,
which can reach sizes over 20 residues. Other types of repeats,
such as polyalanine or polyglutamic acid tracts, do not generally
form such long tracts but they are much more frequent in
mammalian proteins. Are changes in their size also associated
with high nonsynonymous substitution rates in the rest of the
protein? If repeats do not play any functional role their
frequency may decrease in proteins subject to strong selective
constraints. Is this the case? Addressing these issues can shedlight onto the role of repeats and aid in the prediction of highly
mutable repeat structures in proteins. Here we use a large
dataset of human and mouse orthologous genes to investigate
how amino acid repeat size differences, caused by nucleotide
nonsynonymous substitutions and slippage, as well as repeat
abundance, depend on the strength of the selective pressure
acting on the protein.
Results
General characteristics of amino acid repeats in humans and
mice
From 12,680 human and mouse orthologues we identified
3094 protein pairs in which the human, the mouse, or both
proteins contained at least one amino acid tandem repeat of five
residues or longer. The relative frequencies of homopeptides
composed of different amino acids were similar in both species
[5]. GC content was higher in coding sequences of genes
encoding repeats than in the general dataset (55.73 vs 53.20 in
humans and 55.24 vs 53.10 in mice, significant in both cases
with p<10−15), in agreement with previous reports [5,34].
Leucine repeats showed the shortest average size, 5.80, while
glutamine repeats were the longest ones, with an average size of
8.88 (Table 1). The homogeneity or purity of the sequence
encoding the homopeptide is related to the propensity to suffer
slippage [30,35,36]. For each repeat we calculated the codon
homogeneity (CH) as the size of the longest pure codon run
divided by the size of the complete repeat. Therefore, repeats
that showed a CH of 1 were encoded by completely pure codon
tandem runs (e.g., CAGCAGCAGCAGCAG). The average CH
and percentage of repeats encoded by perfect codon runs
(CH=1) were highest for glutamine repeats (0.67 and 30%,
respectively) and lowest for proline repeats (0.40 and 3%,
respectively). The differences could be explained, in the first
place, by the different number of possible codons encoding the
various amino acids, with higher CH values expected with
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differences between amino acids encoded by the same number
of codons (e.g., Q vs E) and cases in which the relationship
between number of codons and CH was inverted (e.g., L vs P).
So, the proclivity to suffer repeat expansions varies depending
on the codon type. The codons most frequently found in pure
runs were CAG, GAG, and GGC, and permutations of them, in
accordance with previous compilations of nucleotide repeats in
mammalian coding sequences [37,38].
Identification of equivalent repeats in orthologous proteins
We identified equivalent tandem repeats in the two species
as those that overlapped in the orthologous sequence
alignment, with the requirement that one or both repeats were
five residues in length or longer (see Material and methods).
We recovered 5111 equivalent repeats. For each equivalent
repeat we computed the size of the repeat in human and mouse
and, for repeats of unequal length (63% of repeats), the number
of gaps, if any, in the repeat aligned region. We then calculated
the repeat size difference as the absolute value of the difference
in length between the two repeats divided by the longest repeat
of the two. In the case of proteins containing multiple repeats
we added the values of the different repeats (see Material and
methods). In any case, repeat size difference ranged between 0
and 1, where 0 was complete conservation of the repeat(s)
between the two species and 1 complete absence of the repeat
(s) in one of the two species. Average repeat size difference was
lowest for proline repeats (0.244) and highest for glutamine and
glycine repeats (0.337 and 0.336, respectively) (Table 2).
Second, we calculated the repeat content of each orthologous
protein pair as the fraction of the proteins that was occupied by
repeats (see Material and methods). On average this value was
0.016, that is, 1.6% of the protein sequence space. The
complete data can be obtained from our website (http://
genomics.imim.es/evolgenome/datasets/Mularoni_etal.html).
The nonsynonymous substitution rate (Ka) of each protein
pair was estimated using maximum likelihood and excludingTable 2
Relationship between repeat size difference, repeat content, and Ka (nonsyno-
nymous substitution rate) of human and mouse orthologous protein pairs
Dataset Avg/median
repeat size
difference
Avg/median
repeat
content
Avg/
median Ka
r repeat
difference
and Ka
r repeat
content and
Ka
ALL 0.292/0.250 0.016/0.011 0.063/0.050 0.309 ⁎⁎⁎ –0.150 ⁎⁎⁎
A 0.313/0.273 0.023/0.014 0.051/0.037 0.387 ⁎⁎⁎ –0.278 ⁎⁎⁎
E 0.307/0.286 0.016/0.012 0.071/0.063 0.349 ⁎⁎⁎ –0.098 ⁎
G 0.336/0.319 0.025/0.016 0.044/0.031 0.303 ⁎⁎⁎ –0.125 ⁎
L 0.265/0.250 0.013/0.011 0.084/0.075 0.241 ⁎⁎⁎ –0.011 NS
P 0.244/0.200 0.022/0.015 0.056/0.044 0.327 ⁎⁎⁎ –0.128 ⁎⁎
Q 0.337/0.300 0.023/0.016 0.050/0.041 0.440 ⁎⁎⁎ –0.270 ⁎⁎⁎
S 0.298/0.257 0.018/0.011 0.061/0.051 0.301 ⁎⁎⁎ –0.185 ⁎⁎⁎
Average (Avg) and median values are shown. Correlations were calculated for
all orthologous pairs with repeats [39] and for those containing particular amino
acid repeat types. NS, not significant.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.the repeat sequences (see Material and methods). For all repeats
taken together [39] the average Ka was 0.063, slightly lower
than the average Ka of the complete orthologous dataset, 0.067
(significantly different at p<0.001). Sequences encoding
proteins containing repeats of different composition showed
characteristically different Ka values (Table 2). The differences
among different types of homopeptides appeared to reflect the
known differences between protein functional classes. For
example, proteins with proline, alanine, glycine, serine, or
glutamine repeats are significantly overrepresented among
transcription factors [5] and their average Ka (0.044–0.061,
Table 2) is in the range of that observed for transcription factors
in general (average Ka 0.06 [40]). In a similar manner, proteins
containing leucine repeats show an average Ka of 0.084 and are
overrepresented in transmembrane receptors [5], a class of
rapidly evolving proteins (average Ka 0.15 [40]).
Positive correlation between repeat size difference and protein
evolutionary rate
The next question we addressed was whether there was an
association between repeat size difference and evolutionary rate
elsewhere in the protein. A high evolutionary rate, measured by
the nonsynonymous substitution rate (Ka), is generally inter-
preted as weak purifying selection. Therefore, finding such a
relationship would indicate that novel repeat structures were
more likely to originate in proteins subject to overall relaxed
selective constraints. Although such a relationship may be
expected, it had only been described for glutamine repeats [33].
We found a significant positive correlation between repeat size
difference and Ka (r=0.31, p<10
−15), which was remarkably
well maintained for subsets of proteins containing different
amino acid repeat types (Table 2). The correlation was also
highly significant using Ka/Ks instead of Ka (e.g., r=0.26,
p<10−15, for all repeats taken together). The average repeat size
difference gradually increased in bins containing proteins with
higher Ka, from 0.17 in the most slowly evolving group
(Ka≤0.02) to 0.32 in the fastest evolving group (0.1<Ka≤0.2)
(Fig. 1, “All amino acids”). Importantly, the correlation between
repeat size difference and Ka could not be solely attributed to a
correspondence between the frequency of nonsynonymous
substitutions inside and outside the repeats, but also to a
correspondence between slippage activity within the repeat and
relaxed selective constraints elsewhere in the protein. In 723
repeats, the observable repeat size difference across orthologues
was due entirely to gaps and not to amino acid substitutions. In
these repeats, there was a significant positive correlation
between the fraction of the repeat occupied by gaps (repeat
gap fraction, see Material and methods) and Ka (r=0.17,
p<10−5). On the other hand, in the case of repeats that appeared
to have been acquired or lost in their totality by slippage in one
of the two branches the average protein Ka was 0.077, in
contrast to 0.048 for repeats of equal length (significantly
different at p<10−4). In summary, differences in the sizes of
orthologous repeats, caused either by point mutations or by
insertions/deletions, were associated with high evolutionary
rates in the rest of the protein.
Fig. 1. Average repeat content and repeat size difference in proteins classified in different Ka intervals. All proteins with amino acid repeats are labeled as “All amino
acids,” those with alanine repeats “Alanine,” and those with glutamine repeats “Glutamine.” The intervals are labeled using the upper boundary.
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constrained proteins
The above results indicated that the accumulation of new
repeat structures is more frequent in proteins that evolve rapidly
than in those that evolve slowly. In the absence of selection, this
is expected to result in a lower number of repeats in slowly
evolving proteins. The reason is that these proteins will only
rarely incorporate new repeat structures, and any nonfunctional
repeats that they may have incorporated in the past will tend todegenerate by the accumulation of nonsynonymous mutations.
To determine whether this was the case we measured the
correlation between the repeat content of each orthologous
protein pair and Ka. Surprisingly, we found that repeat content
showed a weak albeit significant negative correlation with the
protein evolutionary rate Ka (r=−0.15, p<10−15, see Table 2).
Similar resultswere obtainedwhenwe examined the repeat content
of the two orthologous proteins separately instead of together
(human r=−0.15, p<10−15; mouse r=−0.15, p<10−15). The
observed trend was particularly strong for alanine and glutamine
Table 3A
Selected proteins with highly conserved amino acid tandem repeats
Ensembl ID human Ensembl ID mouse RefSeq
human
Amino
acid
Repeat
length
CH Ka Ks Description
ENSP00000265436 ENSMUSP00000031545 NP_683697 Q 40 0.14 0.0021 0.273 Forkhead box protein P2
ENSP00000371160 ENSMUSP00000012664 NP_003915 A, A 20, 9 0.18, 0.28 0.0004 0.411 Paired mesoderm homeobox protein
2B (PHOX2B)
ENSP00000365514 ENSMUSP00000075283 NP_009060 A, A, A 15, 9, 9 0.27, 0.39,
0.17
0.0069 0.892 Zinc finger protein ZIC2
ENSP00000329170 ENSMUSP00000063809 NP_005595 G 21 0.19 0.0004 0.369 POU domain, class 3, transcription
factor 2 (brain-2)
ENSP00000345147 ENSMUSP00000066690 A 16 0.22 0.0196 0.806 Homeobox protein Nkx-2.4
ENSP00000240328 ENSMUSP00000000095 NP_005985 A 12, 9 0.42, 0.33 0.0199 0.626 T-box transcription factor TBX2
ENSP00000249504 ENSMUSP00000045392 NP_067015 A 13 0.35 0.0238 0.485 Homeobox protein Hox-D11 (Hox-4F)
ENSP00000249505 ENSMUSP00000001872 NP_000514 A, S 15, 8 0.30, 0.44 0.0167 0.957 Homeobox protein Hox-D13 (Hox-4I)
ENSP00000281321 ENSMUSP00000034115 NP_004566 H 12 0.50 0.0057 0.756 POU domain, class 4, transcription
factor 2 (brain-3B)
ENSP00000366413 ENSMUSP00000060798 NP_006228 A, H 10, 9 0.55, 1.0 0.0031 0.450 POU domain, class 4, transcription
factor 1 (brain-3A)
ENSP00000295727 ENSMUSP00000070878 NP_059991 A 12 0.33 0.0155 0.682 FEV (ETS oncogene family)
ENSP00000352565 ENSMUSP00000044983 NP_068808 A 12 0.42 0.0012 1.220 Heart- and neural crest
derivatives-expressed protein 2
ENSP00000312385 ENSMUSP00000001867 A, A, A 12, 11, 8 0.13, 0.23,
0.31
0.0240 0.710 Homeobox even-skipped homolog
protein 2 (EVX-2)
ENSP00000313046 ENSMUSP00000046097 NP_001693 P, L 12, 8 0.17, 0.50 0.0301 0.910 Brain-specific angiogenesis inhibitor 1
precursor
ENSP00000316589 ENSMUSP00000040045 NP_065901 S 14 0.29 0.0102 0.442 RAN binding protein 10
ENSP00000371794 ENSMUSP00000036797 NP_005797 A 13 0.27 0.0171 1.075 Oligodendrocyte transcription factor 2
ENSP00000332706 ENSMUSP00000059404 NP_005850 G 12 0.33 0.0013 0.296 Transcriptional activator protein PUR-α
ENSP00000333188 ENSMUSP00000053297 NP_075555 A 14 0.14 0.0149 0.948 Forkhead box protein L2
CH, codon homogeneity.
Table 3B
Selected proteins with highly variable amino acid tandem repeats
Ensembl ID human Ensembl ID mouse RefSeq
human
Amino
acid
Repeat length,
human/mouse
CH Ka Ks Description
Repeat(s) longer in humans
ENSP00000230354 ENSMUSP00000014911 NP_003185 Q 38/13 0.50 0.0094 0.5375 TATA-box-binding protein
ENSP00000361063 ENSMUSP00000085416 Q 29/1 0.31 0.0784 0.6317 Nuclear receptor coactivator 3
ENSP00000304956 ENSMUSP00000092034 NP_002421 Q 28/1 0.32 0.1048 0.9788 Meningioma (disrupted in balanced
translocation) 1 (MN1), mRNA
ENSP00000333125 ENSMUSP00000085260 NP_005111 Q, Q 26/1, 26/1 0.27, 0.27 0.0212 0.4005 Mediator of RNA polymerase II
transcription subunit 12
ENSP00000366843 ENSMUSP00000056715 Q 23/1 0.57 0.0517 0.3191 Ataxin-2 (spinocerebellar ataxia type 2
protein)
ENSP00000347184 ENSMUSP00000078945 Q 21/7 0.90 0.0481 0.5413 Huntingtin (Huntington disease protein)
ENSP00000244769 ENSMUSP00000089217 NP_000323 Q 14/2 1.0 0.0510 0.6624 Ataxin-1 (spinocerebellar ataxia type 1
protein)
ENSP00000313925 ENSMUSP00000052648 NP_000035 Q, G 23/2, 23/5 0.96, 0.94 0.0516 0.4062 Androgen receptor
ENSP00000319651 ENSMUSP00000057488 NP_071443 A 11/1 0.36 0.1982 0.5046 Doublesex- and mab-3-related
transcription factor A1
Repeat(s) longer in mouse
ENSP00000307342 ENSMUSP00000006991 NP_066550 Q 3/37 0.54 0.0110 0.5332 Potassium/sodium hyperpolarization-
activated cyc nuclear-gated channel 1
ENSP00000329539 ENSMUSP00000049414 NP_004411 S, G 0/19, 3/18 0.68, 0.61 0.0432 1.3293 Dual specificity protein phosphatase 8
ENSP00000365891 ENSMUSP00000033505 NP_000368 G 2/18 0.94 0.0668 0.5645 Wiskott–Aldrich syndrome protein (WASp)
ENSP00000272224 ENSMUSP00000038301 NP_878248 G 3/20 0.65 0.0899 1.0159 Growth/differentiation factor 7 precursor
ENSP00000265175 ENSMUSP00000001079 NP_006314 Q 3/15 1.0 0.1018 0.5938 Protein transport protein Sec24B
(SEC24-related protein B)
ENSP00000358588 ENSMUSP00000041951 NP_542179 E 2/17 1.0 0.1280 0.4419 Gab3 protein
ENSP00000295743 ENSMUSP00000035020 NP_005433 G 2/15 0.40 0.0368 0.6023 Eomesodermin homolog
CH, codon homogeneity.
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p<0.001; respectively). Therefore, our initial hypothesis of a
lower content of repeats with lower Ka was rejected. Analysis of
the repeat content in proteins situated at different Ka intervals
showed that, except for leucine, the fraction with the lowestKa rate
(≤0.2) was indeed the most repeat-rich (Fig. 1). Therefore, repeat
content showed the opposite behavior with respect toKa compared
to repeat size difference.
Highly variable versus highly conserved repeats
The analysis of repeat size variability between human and
mouse had shown a nonuniform degree of conservation of
repeats in different proteins. To gain a better understanding of
the factors underlying this variability we performed a detailed
analysis of two groups of proteins that contained either highly
conserved or highly variable repeats. The highly conserved
(HC) group comprised proteins containing repeats of 8 residues
or longer that were completely conserved in the two orthologues
(255 repeats). The highly variable (HV) group comprised
proteins containing repeats of length 8 or longer in one species
that were at most 40% conserved in the other species, that is, for
which repeat size difference was equal or larger than 0.4 (257
repeats). In the HV group we identified 54 repeats in which all
the differences were exclusively due to gaps (HV_G group). A
list of proteins containing HC and HV repeats is available on our
website (http://genomics.imim.es/evolgenome/datasets/Mularo-
ni_etal.html). Table 3 shows a selection of proteins with very
long repeats (>10 amino acids) classified as HC or HV (Tables
3A and 3B, respectively).
The two groups of proteins strongly differed in a number of
features. First, the amino acid distribution was markedly
different (Fig. 2). The most common amino acid repeat type
in the HC group was alanine, while in the HV group it was
glutamic acid. Some amino acids were strongly underrepre-
sented in one of the two groups. For example, there were 50
glutamine repeats in the HV group, but only 8 in the HC group.
In contrast, there were 22 proline repeats in the HV group but as
many as 53 in the HC group. Second, as expected given the
positive correlation between repeat size difference per protein
pair and Ka (Table 2), the two groups showed importantFig. 2. Number of different amino acid repeat types in the highly conserved and
highly variable groups.differences in their Ka values. The average Ka of genes encoding
HC repeats was much lower than that of those encoding HVor
HV_G repeats (0.033 compared to 0.076 and 0.068, respec-
tively, p<10−7). Similar results were obtained with the Ka/Ks
ratio. Repeat type composition was not the cause of these
differences, as significant Ka differences between HC and HV
proteins were also observed within proteins containing
particular types of homopeptides (alanine p<0.001, proline
p<0.05, glutamic acid p<0.001, glutamine p<0.05, serine
p<0.01). A third distinctive feature between HC and HV repeats
was the CH of the DNA sequences encoding them. For all
amino acid repeat types the average CH was higher in the HV
group than in the HC group: alanine (0.57 vs 0.34), glutamic
acid (0.48 vs 0.44), glycine (0.44 vs 0.34), leucine (0.55 vs
0.54), proline (0.39 vs 0.28), glutamine (0.63 vs 0.49), and
serine (0.42 vs 0.34). These differences were significant only in
the cases of alanine (p<10−4) and proline (p<0.05), the types
with the largest sample size. Thus, highly conserved repeats
were significantly more interrupted with synonymous codons,
resulting in low codon homogeneity values, than poorly
conserved repeats. This corroborated that codon interruption
is a good predictor of repeat conservation, extending previous
observations on glutamine repeats [30] to a wider range of
amino acid repeat types.
We next analyzed the functions of the proteins found in the
two groups. Those with HC repeats were enriched in
developmental or nervous system transcription factors, such as
POU-domain brain-2, paired mesoderm homeobox protein 2B
(PHOX2B), homeobox protein NKX2.4, or zinc finger protein
of the cerebellum ZIC2 (Table 3A). On the other hand, proteins
containing HV repeats were enriched mainly in transcription
factors and channel proteins (see examples in Table 3B).
Interestingly, in the HC group we found several proteins
associated with polyalanine developmental diseases: synpoly-
dactyly type II (HOXD13), blepharophimosis (FOXL2), oculo-
pharyngeal muscular dystrophy (PABPN1), infantile spasm
syndrome (ARX), and holoprosencephaly (ZIC2). In contrast,
the HV group contained proteins associated with polyglutamine
expansion disorders: spinal and bulbar muscular atrophy of
Kennedy (AR), spinocerebellar ataxia 1 (ataxin 1), spinocer-
ebellar ataxia 2 (ataxin 2), Huntington disease protein (HD),
spinocerebellar ataxia 6 (CACNA1A), spinocerebellar ataxia 17
(TBP), and dentatorubral–pallidoluysian atrophy (DRPLA). The
Ka values were much lower in the polyalanine disease-associated
genes (0.01–0.015) than in the polyglutamine disease-associated
genes (0.045–0.052), reflecting the general differences between
the highly conserved and the highly variable repeat groups.
Discussion
Some amino acid repeats are subject to very rapid evolution,
while others remain stable for relatively long periods of time
[13,15,41]. We have investigated how the selective constraints
acting on repeat-containing proteins affect the rate of change of
amino acid tandem repeats. Previously, in a dataset comprising
28 glutamine repeats in human and mouse proteins, it was
observed that conserved repeats were embedded in protein
322 L. Mularoni et al. / Genomics 89 (2007) 316–325regions that showed lower evolutionary rates than proteins with
nonconserved repeats [33]. The data presented here support this
association, with the difference that we have usedKa values of the
complete coding sequence (excluding repeats) instead of the
repeat surrounding region and a much larger dataset comprising
5111 repeats, 227 ofwhichwere composed of glutamine residues.
Importantly, our data show that this trend is not restricted to
glutamine repeats but is significant for the seven most abundant
amino acid repeat types. This indicates a strong coupling between
the occurrence of changes within the repeats, including tract
expansion or contraction by slippage, and the occurrence of
amino acid substitutions outside the repeats. Changes in repeat
size, associated with relaxed selective constraints, could be
important in situations such as gene duplication and protein
family diversification. The second important observation derived
from this work is that slowly evolving proteins, subject to
stronger than average selective constraints, contain an unexpect-
edly large number of repeats, which tend to be conserved between
the two species. As these proteins only rarely incorporate new
repeat structures many of their repeats are likely to be relatively
old structures that have been preserved by selection. Differences
in the background mutation level, which can be estimated by the
synonymous substitution rate (Ks), cannot explain the stronger
conservation of these repeats, as similar results are obtained using
Ka/Ks instead of Ka.
Leucine repeats show a number of intriguing differences. In
the first place they are the shortest ones, with an average repeat
size of 5.8 (Table 1). This may be due to size restrictions related
to the high toxicity of long polyleucine tracts [42]. Second,
contrary to what is observed in the rest of repeats, no correlation
is observed between Ka and repeat content. Third, they show
remarkably low levels of repeat polymorphism with respect to
other types of homopeptides [43]. In addition, the number of
substitution polymorphisms in leucine repeat adjacent
sequences is higher than within the repeats themselves,
suggesting strong constraints in the repeats [43]. In conclusion,
leucine repeats are particularly abundant in rapidly evolving
proteins but, nevertheless, show remarkably high repeat stability
and conservation. This could be linked to strong and very
specific functional constraints, an idea that is supported by their
clear location bias at the N-terminus of transmembrane receptor
proteins [4,5].
Our data extend previous observations that highly conserved
repeats are generally encoded by more interrupted codon
structures, containing mixtures of synonymous codons, than
highly variable repeats. For example, it has been previously
observed that the number of gap-containing polymorphic
variants is positively associated with the purity of the coding
tract [39,43]. In mammals, CAA interruptions in CAG repeats
are related to increased glutamine repeat conservation [30]. In
this context, many of the repeats in the highly variable group are
likely to be novel repeats generated by slippage, whereas the
repeats in the highly conserved group may represent older
repeats that contain synonymous but not nonsynonymous
mutations and which are currently evolving at a slow pace due
to reduced slippage activity and/or negative selection. This is
also consistent with recent observations thatmammalian proteinsof ancient origin show significantly lower nonsynonymous
substitution rates than proteins of a more recent origin [40].
We detect several neurodegenerative disease-associated
polyglutamine repeats among the repeats that show extreme
variability between human and mouse. In addition to a poor
conservation between primates and rodents [30,44], disease-
associated polyglutamine repeats are highly polymorphic in the
human population [39]. The list of highly divergent repeats may
thus contain other repeats that show elevated intraspecific
instability. In contrast to the polyglutamine disease-associated
repeats, polyalanine repeats involved in developmental dis-
orders tend to be highly conserved between human and mouse.
It has been proposed that some of the disease-associated alleles
containing extended polyalanine tracts may be generated by
unequal crossover rather than slippage [9,45]. Without
supporting one model or the other, our data suggest that the
propensity of these repeats to undergo pure triplet run
expansions is likely to be much reduced in comparison to
disease-associated polyglutamine repeats.
The high frequency of relatively well-conserved repeats in
proteins that are subject to strong purifying selection (low Ka or
Ka/Ks) is a novel and unexpected finding and points to a role
for the repeats in the function of these proteins. This can be
related to the need to maintain appropriate protein–protein
interactions and/or transcriptional activity, as changes in repeat
size may affect these properties [16,17,19,20,22,46]. In the
ZIC2 protein, expansion of the alanine tract from 15 to 25
residues in the disease-associated mutant leads to a reduction of
transcriptional activity [22]. Interestingly, a recent study
indicates that repeat size changes could translate into
phenotypic changes related to the limb and skull morphology
in dog breeds that are under artificial selection [27]. Several of
the developmental factors with repeat polymorphic variants in
the Fondon and Garner study [27], HOXD11, HOXD13, and
ZIC2, are among the proteins that contain highly conserved
repeats across human and mouse. Interestingly, alanine repeats
in the HOX and GATA proteins tend to be conserved in
different mammalian species but not in other vertebrates [47].
Brain-1 and brain-2 proteins also contain repeats that are highly
conserved between human and mouse. The repeats in these
proteins also appear to be mammalian-specific, although they
are exceptionally found in other vertebrates [13]. These data
indicate that the conservation of repeats often extends beyond
primates and rodents.
In contrast, other repeats, generally located in proteins of
rapid evolution, show important size differences between
human and mouse. Some of the mutations caused by slippage
may be invisible to selection even if they cause large repeat
expansions or contractions. However, some of these changes
may also be associated with functional modifications. In an
early study it was shown that variations in the size of glutamine
or proline repeat tracts fused to the GAL4 factor resulted in
quantifiable changes in transcriptional activity [18]. On the
other hand, expanded polyglutamine tracts in disease alleles can
lead to a gain of function, for example, the mutated huntingtin
appears to prevent the interaction between Sp1 and TAFII130,
leading to transcriptional dysregulation [21]. In the case of the
323L. Mularoni et al. / Genomics 89 (2007) 316–325androgen receptor, with highly variable repeats within mam-
mals, transcriptional activity is inversely correlated with the
length of the polyglutamine repeat [17]. Therefore, repeats in
mammalian proteins could have important functions and, at the
same time, be an important source of evolvability of new traits.
An important outcome of our study is the observation of an
elevated number of well-conserved repeats in slowly evolving
proteins. As generation of new repeats in such highly
constrained proteins is likely to be a rare event, this indicates
that selection may play a more important role than previously
suspected in the preservation of repeats. It will be interesting to
determine in future studies, using more species, when these
repeats may have originated.Material and methods
Sequence datasets and alignments
Human and mouse protein and cDNA sequences were obtained from
Ensembl [48], releases NCBI36 (human) and NCBIM36 (mouse). The human
datasets contained 48,218 peptide and 48,949 cDNA sequences, mouse
datasets contained 31,302 peptide and 32,661 cDNA sequences. Human and
mouse orthologous gene pairs were extracted using Biomart at Ensembl.
Genes that had more than one potential orthologous sequence in the other
genome, as indicated by multiple pairing in the Ensembl list, were eliminated.
Our final dataset contained 14,959 orthologous human and mouse genes.
When more than one protein sequence per gene was available we chose the
longest one. For each protein we checked that the corresponding translated
cDNA sequence was a perfect match to the protein sequence. The
orthologous protein sequences were aligned with Mafft [49] and T-Coffee
[50] and only the equivalent repeats consistently found by both programs
were further used. Coding sequence alignments were subsequently con-
structed by introducing gaps in accordance with the T-Coffee amino acid
sequence alignment.
Repeat identification and codon analysis
We developed an in-house Python program to detect all single amino acid
tandem repeats of size 5 or longer in the human and mouse orthologous protein
pairs. We identified 4147 repeats in human and 5142 repeats in mouse. To map
equivalent repeats in the two orthologous sequences we used the procedure
described in [5]. Briefly, for each repeat found in one sequence, the algorithm
checked if an equivalent repeat existed in the orthologous sequence by looking
for repeats that overlapped in the protein alignment. We did not consider
terminal nonconserved regions or internal regions with very long gaps
(size ≥35), as these could represent exons still missing in one of the species
in the databases. For each repeat we stored the amino acid type, repeat length,
position in the human and mouse protein sequence, and position in the sequence
alignment.
We developed another Python program to analyze the codon structure of the
sequence encoding each amino acid tandem repeat of length 5 or longer. We
stored the length of the longest pure codon run, the specific codon(s) in the
longest pure codon run and its relative abundance, and the codon homogeneity,
defined as the fraction of the repeat occupied by the longest pure codon run. For
repeats of unequal length in the two species mapped in the alignments we
considered the codon homogeneity of the longest repeat. In cases in which the
repeat length was the same in the two species we took the average codon
homogeneity. Data for all repeats are available on our website (http://genomics.
imim.es/evolgenome/datasets/Mularoni_etal.html).
Repeat size difference and repeat content
For each equivalent repeat identified in the alignments we recovered the
length of the repeat in each of the two species. In cases in which one repeat fromone species could be matched to several smaller repeats in the other species, due
to intervening gaps or amino acid substitutions, we took the longest matching
repeat in the other species. For each repeat, the repeat size difference was
calculated as the absolute value of the difference in length between the two
repeats divided by the longest of them. To calculate the repeat size difference per
protein pair in cases in which more than one equivalent repeat was present we
took the sum of the absolute values of repeat size differences divided by the sum
of the longest repeats. In any case the repeat size difference was always between
0 and 1, where 0 was complete conservation of the repeat(s) and 1 was complete
absence of the repeat(s) in one of the species. The repeat size difference does not
distinguish between gaps and interruptions creating differences among the
repeats. To have a specific measure of the contribution of gaps we also
calculated the repeat gap fraction as the number of gaps that aligned with the
longest of the two repeats divided by the size of this repeat. A repeat gap fraction
of 1 will indicate complete lack of conservation of the repeat due to insertions or
deletions, presumably caused by slippage. This measure necessarily corresponds
to a repeat size difference of 1. A repeat gap fraction of 0, on the contrary, will be
suggestive of absence of slippage in the repeat since the divergence of the two
lineages. The repeat content per protein pair was calculated as the length of the
repeat(s) in the two orthologous proteins divided by the sum of the length of the
two proteins. We also calculated the repeat content of individual proteins using
the length of the repeat(s) in that protein divided by the length of the protein.
Calculation of Ka, Ks, and GC
To calculate synonymous (Ks) and nonsynonymous (Ka) nucleotide
substitution rates we used the maximum likelihood-based program Codeml in
the PAML software package [51]. Equilibrium codon frequencies of the model
were used as free parameters (CodonFreq=3). Ka and Ks were estimated using
the same parameters as in [40]. We discarded pairs with very high mutation rates
(Ka≥0.2 and/or Ks≥2 substitutions/position). The filtered dataset contained
12,680 protein pairs, of which 3094 contained repeats. The substitution rates
were calculated excluding the regions containing repeats. The CG content of
coding sequences was calculated using a Python script, discarding the regions
encoding the amino acid repeats. Average values of repeat size difference and
repeat content in different Ka intervals (0–0.02, 0.020.04, 0.04–0.06, 0.06–0.1,
0.1–0.2) are available on our website (http://genomics.imim.es/evolgenome/
datasets/Mularoni_etal.html).
Statistical tests and correlations
To detect any statistical differences among groups we used the nonpara-
metric Kolmogorov–Smirnov test. Correlations were calculated with the
Spearman rank correlations method. We used the R statistical package for all
calculations [52].
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